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- Relation to Weather and Edaphic Conditions 
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Au5rn~c ].-Eastern Spadefoot Toads (Scaphzopzrs ~rolbuookir) require fish-free, isolated, ephemeral ponds 
for breeding but otherwise inhabit surrounditig uplatids, colnlnonly xeric longleaf pine (Pz i~us  palzrstuis) and 
wiregrass (Ans t zda  hrt/r~chraria) ecosystem. Fire suppression in the Florida sandhills has the potential to alter 
upland and pond suitability through increased hardwood densities and resultant liigher transpiration. 111 this 
paper, we explore breeding and metamorphic emigration niovetnents in relation to weather, hydrological 
conditions of ponds, and surrounding upland matrices. We use nine years of data from colitinuous monitoring 
with drift fences and pitfall traps at eight ephenieral ponds in two upland matrices: regularly burned, 
savanna-like sandhills (N  = 4), and hardwood-invaded sandl~ills (N  = 4). Neither adult nor lnetamorph 
captures differed between ponds within the two upland matrices, suggesting that they are tolerant of upland 
heterogeneity created by fire frequency. Explosive breeding occurred during nine periods and in all seasons; 
adults were captured rarely otherwise. At the landscape-level, an  interaction between rainfall and maximum 
change in barometric pressure were the top significant predictors of explosive breeding. At the pond-level, 
rainfall and the change in pond depth during the month prior to breeding were the top significant predictors 
of adult captures. Metamorphic emigrations occurred following tralisformation and usually were complete 
within a week regardless of rainfall levels. Moveliient by adults and metamorplis was directional, but mean 
directions of adult emigrations and immigrations did not always correspond. Our results suggest that 
spadefoot toads are highly adapted to breeding conditions and upland habitat heterogeneity created by 
weather patterns and fire frequency in Florida sandhills. 

Eastern Syadefoot loads ( S L L I ~ I I I O ~ I I ~  I~oll~io~Xi~) 
and sever'll other amphib~an specles that liihablt 
the xeric longleaf pine (1'111rr5 /7nlrrit715)-wlregrass 
(A1 i5tr~ilr IIL'I~YIL II IUIIO)  as'roclat1011 recluire fish-free, 
~solated, ephemeral ponds for breedlrig, and 
spuid most of their adult llvcs ln tlic surrounciing 
upland5 (Moler and I:ran/, 1987) t listor~cally, 
low-lntetislty, high-trecluency fire in tlic xeric 
longleaf pine-wlrcgrass ecosystem rna~nta~i~cd 
a prclclominantly open, plne-dominated hab~tat 
by killing many young Ii,irdwooci trees (Myers, 
1990) Depress1011 poii~is also were maintained 
by fire, when peat and cncroaclilng vegetation 
were bur11ed during dry per~ods Hardwood 
mvaslon caused by flit> suppression could po- 
tent~ally alter ~ i p l ~ ~ i i d  cond~t~ons  by rc~duc~ng 
hght intensity and Iicrbacoous ground cover, 
mcreasmg tree and shrub dens~ty and ledf l~tter 
cover, and altering sol1 cond~t~ons  (by ~ncreased 
root masws) Hlglier transpiration by lnv,lslve 

liardwoods could alter pond liydrology (Ja~isen 
et a1 , 2001) I'earson (1955) reported tliat spade- 
foot toads are   no st abundant in forests wlth little 
Ic,tf htter and sparse slwubs, suggesting that 
~ ~ p l ~ l n d  cond~t~oiis su r rou~ id l~~g  breeding polids 
could affect their populations 

Spadefoot toads exhibit '111 explosive (Wells, 
1977) breedtng response to hc~ivy rainfall during 
short trine per~ods and usually breed in potids 
tliat have r'hlled after complete dry~ng (Gosner 
and Black, 1955, Wrlglit, 2002), where lnverte- 
brate wrcdator dei~sitles arc hkelv reciuced 
l arvae cxli~b~t rapid development, presumably 
aii 'idaptlve response to the short hydropertod of 
cphctneral poiids Survival and developmentdl 
ratcs also 'ire affected by cornpet~tio~~, prcdat~on, 
temper~it~ire, and avcillab~l~ty of food resources 
(Gosner and Blaclt, 1975, Wilbur et al , 1983, 
Wilb~tr, 1987, Alford, 1989, Petranka and Ken- 
ned y, 1999) I leiice, tlic persistence of spadefoot 
tond 1-7opulatt")1is depends npon w~tablc  con- 
clit~oiis that IIICILI~IC weather and poiid hydrology 
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for breeclmg and the condit~on of surrounding 
uplands (Delis et al , 19'16) 

Several accounts note mass movements ot 
spxdefoot toad meta~norplis ex~t~i ig  potids 111 

s p e c ~ f i ~  dlrectlons (Nelll, 1957, Bragg, 1968, 
Wr~glit, 2002) l'earson ( 1  955) documenteel hom- 
ing beliavlor to uplaiici burrows by spadcfoot 
toads, but l~ttle is known about d~rectional 
movement by '~dults to and from breeding ponds 

Most aspwts of spxdefoot toad natural history 
'-ire derived from obscrvatioii (Ne~ll, 19577, short- 
term stucl~es at one or ,i few sttes (l'carsoii, 1955, 
Bragg, 1961), studies 1n upland hab~tat (Pearson, 
1955), or t.xperiincnts In art~ficl~~l environments 
(Wtlbnr et a l ,  1983, Wilbur, 1987, Alford, 1989, 
I'c>tranka and Kennedy, 1999) Few stud~es 
captrtre a landscape-level perspcctlve of amphlb- 
la11 breedliig b~ology by ~nte~isively, concurrently, 
,111d cont~nuctusly sampl~iig im~~ltiple sltes over an 
extended veriod of trine 

In tli~s paper, we use dat'i from iimc years 
(February 1994 to January 2003) of coiit~nuous 
nionltoring at eight isolated, ephemeral ponds In 
Flor~da longleaf pine-w~regrass uplands to ex- 
plore some aspects of spadcfoot toad natural 
Iilstory, anci some envlronniental variables re- 
lated to pond use We ask (1) Does the condit~oii 
(hardwood-invaded or savanna-l~ke) of longleaf 
pilit-wiregrass uplancls s~~rrounding epl~emeral 
ponds affect ponci use by adults or successfill 
recrultnient of inctamorplis? (2) How do weather 
var~ables relate to movenieiit patterns, specifi- 
cally, pxplos~ve breeding by adults and emigra- 
tion of metamorphs, at a laiidsc'ipe-level? (3) 
blow clo hydrological patterns such as the cirylng 
and filliiig of ponds, water depth, or prec~p~tation 
affect pond sclect~on by adults for explosive 
breeding? (4) Are mass niovemeiits of adults or 
metaniorplis to ,-inel frolii ponds directloiial or 
randomly or~ented? Improved understand~ng of 
tlic breecl~ng biology <in3 ecology of spadefoot 
toads should a ~ d  111 coiiser vat1011 ,ind restor'it~on 
t'ldlililng 

Slrrtli/ A1r7rr -Ths study mias conductcci 
eight ~solated, cyhemeral poncls of sinkhole 
origln 111 longIe<-if p~ne-w~ir~~grdss sandh~lls 011 

the Ocal,i National Forest, Marlon anci 1'~1tnam 
Counties, Florida I'ond sl/es ranged from 0 10- 
0 37 ha I'onds 1 through 4 147c.r~ 111 sCiiidli~lls that 
had been ~ n ~ c t c i ~ d  by hardwoods and sancl plne 
(I ' IIIII~ ~ 1 1 7 1 r ~ i 7 )  following decades ot tire suppres- 
sion I'oiicls 1 tlirougli 3 were acljacent (10-30 m) 
to regularly burned smicihills on one side, 
sc~'ar~ited by a sancl road, I'oiid 4 was ,ibout 
560 m north of the sav,intia-l~kc sdiidh~lls SIIICC 
1984, hab~  tat rcstora tion has been atteiiipted 
~11isuc cessfullv ;t t 1 -4-yr mtc>r\lals by burii~ng, 

nevertheless Iiardwood dcns~ty rc i i~~i~nc~d high 
(but variable) around those ponds Ponds 5 and 6 
werc in an adjacent savanna-lrke sandh~lls with 
wiclely spaced longleaf plne trees, few hard- 
woods, and continuous wlregrass groundcover 
Po~icis 7 aiid 8 werc within a s~niilar, savanna- 
like sandlulls ,ipprox~niately 9 5 kni south of the 
others The s,ivaiina-like saiidl-ulls have been 
successtully burned (2-3-y r intervals) slnce 1976 
(for a detailed deicr~ption of the two upland 
niatr~ces, see Greenberg 2001 ) Illpiiett~ng d u r ~ n g  
most years ancl ~ntensive box-sanipl~ng d u r ~ n g  
2000-2001 (A Storfer, C f 1  Greenberg, and G W 
Tanner, unpubl data) indicated that all ponds 
were fish-free 

DI lft F~~irccz 5n111p~lrilg --Drift fences 7 6-m long 
and spaced 7 6-m apart encircled TiO'/: of eacli 
pond Pitfall traps (19-hter buckets) wcre posl- 
tloned on the inside and outslde of both elids of 
each fence (four per fence) to detect d~rectlonal 
movernent by a~nphlbldns to and from ponds A 
sponge was placed In each pitfall trap and 
moistened at eacli trapcheck to reduce the Ilkell- 
hood of destccat~oii A double- or single-ended 
funnel trap was posit~oncd at the m~dpoint of 
each fence on both sldes (two per fence), and 
a verttcally poslt~oned PVC pipe was placed 
between each fence to attract treefrogs 

Traps were checked three tlmes weekly from 
February 1994 through January 2007 When 
capturc rates wcre low all first-captured ~ n d ~ v i d -  
uals wcre measured to the nearest mm, we~glied 
to the nearest 0 1 g usmg a hand-held I'esola 
spring scale, sexed (if poss~ble) and marked by 
pond number and year of capture by toe cl1pp11ig 
Dur~iig explos~vc breeding events, only a sub- 
sample (approximately 30 per pond) ot adults 
werc measured and we~ghed, but all were sexed 
aiid toe-clipped S~milarly, newly nietamor- 
vhosed toads were counted but onlv a subsamule 
was nieasured whcn they em~grated en massc; 
most were too small (approx~iiiately 51 1 rnni) to 
practicably toe-cl~p Recaptureel toads were not 
measured Aiiimals wcre released on the oppo- 
site side of the fence troni capture potnt 

Water depths werc me'tsured weekly at each 
pond beg~iiiiing 111 March 1994 Teniper'ature and 
rninfcill wcrc recorciecl daily at 0700 h beg~iintng 
111 Aprd 1994 fieglnning in lanudry 1997, 
mliiimuiii and maxmium dally alr temperature 
also wcrc recorded mdnunlly, and baronietr~c 
press~ire a ~ ~ i  relat~ve huinid~ty were recorded 
using 1 lobo data loggers (Onset Computer Corp , 
I'ocassct, MA) at approxiluately 3-h ~ntervals 
I lencc, our complete weather dataset eiiconi- 
passes '1 (7-yr per~od (January 1997 to January 
2003) excluding a few multiday gaps when 
autoniatlc data loggcrs wcrc. teniporarily off-line 

Strrtritrt 171 Aili711~515 W e  correlated landscape- 
lclvcl (dat'i from '111 ponds combined) mo\7ement 
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(captures per 2-?-clay tr;tpclieck mtc,rval) o t  f~rst-  
captured ddults ~ 7 1 t h  wcather ~r,ir~,iblcs Wc used 
,in all poss~ble corrcl,it~oni techn~que to select tlie 
best conib~natlon o f  var~ables for our  niociel, only 
s ~ g n ~ f ~ c a n t  v'~r~;lblcs that contrlbutcd i 0 05 to 
the I<'-value wcw ~ncluded V'ir~ables wcre 
cuniulat~vc r,t~nf,lll, mcan mlnlmum tempera- 
ture, imntninni tc.mpcr~iture, mc;in max1rnuni 
tempcratnre, max~niuni  tcmpcratnre, meat1 d a ~ l v  
tcrnperaturc, mean ct,tlly barometric pressure, 
r n ~ n ~ i ~ i u n i  b,iromctr~c pressllrc, niaxlniuiii baro- 
m e t r ~ c  pressure, maxlmurn charige In barometr~c 
pressure, mean dally r ~ l a t ~ ~ e  huinidtty, in11i1- 
mnrti hurmd~ty, n iax~ni~ tn i  relat~vc l iun i~d~ty ,  and 
niaxlrnnni change 111 relat~vc, h u r n ~ d ~ t y  pc.r 2-1- 
day  t rdpch~ck ~ntcrval,  as wc.11 as  an ~nteract io~i  
tclrni hc~twceli c u ~ n ~ l a t i ~ e  pr(x~ll?t ta t~o~i  and nidx- 
imum cli,ingc In b,iromt.trtt prcssurc per 2-3-d'ly 
trapcheck ~ntcrval fic~,lusc> spncl(.foctt toads can 
breed clur~ng m y  sc'isoii, tlicy arc capable of 
resyoiidtng to weather var~ables at any t ~ i n c  ot 
year Tlic~reiorc, we usccl d<i ta fro111 the vntlre 9-yr 
study pcr~od  for adults 

Metamorph~c movements ,ire clearly rcstr~cted 
to the pos tn ie ta i io r~~l i~c  ptlr~od b e g ~ n n ~ n g  about 
2-7 weeks after an cxplos~vc brcedlng cvent and 
cxtend~ng for about two months f-lence, for 
correlations o f  nietamorph~c movement wltli 
weather, wc  restricted our nictarnorph data to 
the per~od  ot "potent~al" movement, from the 
f~rs t  capture of an enilgrat~ng mctamorph ancl for 
two months thereafter Our  coniplcte wc'1ther 
datasct (~11 vcir~ciblc.s wcre mc;tiured concur- 
rently for only slx of the n1nc yc<irs) corre- 
stx)~idcd only w ~ t h  two pc*r~odi of move~ncnt  by 
metarnorphi (one ccic1i In 2000 'ind 2001 ), ancl the 
nunibcr of metamorphs rccrtt~ted d~ffercct dm-  
lnat~cally bctwcvn those two periodi I Icnce, w e  
uscd only tlic completc 0-yr ramfall clat'i (ctrniu- 
lativc ralnfall pc,r trapcheck ~ntcrv;il) to deter- 
mlnc whethcr r'itn was 'issoc~~itcd w ~ t l i  
~netaniorpliic ~iiovenients dt CI l d n ~ l s ~ a p e  level 
(ponds combi~icd) 

We ,ilso uscd tlie all po~ ,~blc .  <orrc~l,ittons 
~ ~ Y ~ I ~ I C I L I C ~  to (~xplorc~ the r ~ l a t i ~ n s l i i p  b ~ t w e e ~ i  
prec~pl t a t~on  and liydrolog~c~il c o n d ~ t ~ o n s  'it 
ponds, <ind cxplos~vc brcccl~ng (.\7c%~its ,it spcctflc 
ponds 1:or tli~s, wx3 usccl only tlic s u b ~ t  of data 
th'it rcl,itc,d to thc nlnc d'itcs wIi(~n cxploslve 
hrcr,d~lig rvc.nts (clcflncd ,is - 25 tlrst-c'~pturt>d 
adults J u r ~ n g  ,i g1vc.n month ,it any glvc,n pond) 
occurrcd I'otcnt~al v,ir~ablci ~nclucicit pond 
depth at h rccd~ng  d,itc, the nnnihcr ot d,lys since 

the ix)~id w;ts last drv ( 2 ern clcyth), pre- 
cil?~tat~oii clnnng tlic month prlor to b rccd~ng  
d;itc\, p~c~c~pit ; i t~oi i  clur~iig the, wcxc>k prior to 
breccl~ng d,itc,, cliangi~ 113 pond depth clur~iig the 
nionth prior to hrcccf~ng date,, change, 111 pond 
depth durlng tlie week prior to hrccdlng d;itc,, 
m c l  intc>l,ict~ons bc'twc'c~n the, ~iumbc.r of d'iys 

since last dry and prcclpltat~on d u r ~ n g  tlie past 
nionth, days smce last dry and changc In pond 
depth change In prevlous month, days slnce last 
dry and ralnf'ill during the past week, and days  
s ~ n c e  last dry cind change In pond depth during 
the p i s t  weck Var~ables that contributed < 0 05 
to the R'-value were oni~t ted trom our inoclel We 
v i s ~ ~ a l l y  ~nspected data plots and used square- 
root transforniat~oris on  dependant data III all 
corrclat~ons to rccluce hcteroscedast~c~ty 

We obta~iied an a / ~ m u t h  from the center of 
cvch pond to every p~tfall  trap us l i~g  ;1 compass 
Under tlie assumpt~on that captures by interm~t-  
tent, equally spaced clrift fences periliittcd de- 
tect~on of dircctlonal movement In some (if not 
50%) proportton to ~ t s  occurrcnce, w e  used tlie 
nonparanictr~c liaylc~gh test (Zar, 1984) to de- 
tc>rrn~ne (if  N 2 30) whcthcr the anntral move- 
ments of 'idults or nietamorplis 1nt0 or froni 
ponds was noiir,indom Only first captures were 
uscd for '111 ,in,ilyses S~gn~t~c ' incc  1s reported a t  
the I' .' 0 05 levcl 

1 / p / [ z ~ r ~ f   mot^ 11 TY1~17ti111717t F ~ I V  t 5  -- N ~ ~ n i b e r  (per 
I00 trapnights) of total adults, total mctamorplis, 
o r  cmigrat~ng metamorph captures did not d~f fe r  
between poiids within hardwood-lnvaded and 
savanna-like longleaf pine-wlregrass upland 
tnatr~x A year effect was dttectcd tor adults 
but not for total or e rn~gra t l~ ig  nietamorphs 
Adult pond r ~ s e  was hlghest during ycars 1 and 
7, and least durmg years 4 and 9 (Table 1) A 
rcpcated-mc,isures cffect was s~gntficant for 
adults, ~ncl~catllig that the repeated use of spec~fic 
ponds w~thrn  treatments affected results 

111111ifi711 1711~11 1'111111 ~ I I ~ I I Y ~ I o ~ I ~  -During February 
1994 to January 2001, pond depths ranged from 
0-2 m (Frg 1)  Generally, pond depths peaked 
d u n n g  Scytctnber or October and reached tlielr 
lowest It,vcls d u r ~ n g  May I,ocally, nnnual rainfall 
;~\ier,iged 1 59 cm (range 1 30 cm In 2000 to 189 cm 
111 2002) On aver'ige, June to October were 
wcttest, recelvlng on avcrage 66'A of total annual 
preclp~tatlon, whereas November t o  Mriy were 
rcl;ttively dry months, receiv~ng on  average 35% 
of annual r,l~nfilll I le,ivy rams associated wltli 
cl N~f io  111 1998 resulted 111 record lilgh water 
Ic~vc.ls 11) ponds (Fig I )  ,inel flooded niany traps 
during m~d-February to May 

Ilepth ,ind hydropcrtocl were s ~ r n ~ l ~ i r  among 
ponds, ,iltliough there w'is one ~ntermlttently dry 
or  vcry sh;tllow pond In each upland niatrlx 
trcatniciit (I'onds 3 ancl 7) I'onds d r ~ c d  (5 2 cm 
clcpth) and rc.t~lled 5-10 t ~ m c s  each during the 9- 
yr study pcxr~od All 1701ids wcre s~niultancously 
dry live tlmes A p r ~ l  to May 1994, May to luly 
2000, M;iy 2001, J ~ l l y  2001, and May 2002 Dry- 
down pcr~ocls ranged h o n ~  one day  (I'ottds 5 a i d  
8) to 171 uiccks (I'o~icl 71, wlth the m a x ~ n ~ ~ r i ~ i  
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Cumulative Precipitatlon (cni) per Trapcheck liiterval 

Tic,  2 Kcl,tt~on\h~p betweell two- and tlir'e-clay 
c~imulat~ve pret lpltatlon ~11d two- ,lnd tltrec-day ~ I I  5t- 
capt~1rc5 of (A) adult artcf (13) m e t ~ ~ ~ t t o ~ p l i ~ c  ( *  171nrn 
SVI ) \1.7adetoot toad\ (only f1o111 date ol fl~st eltilgra- 
tloll ancl for two month5 tltere,ittcr) a t  eight (combined) 
~\olated, cpltcrneral pond5 wlth~n longlcat prnc-wllc- 
firas, 5,1ncf111115, Ocal't ]\i<it~on,il lolc\t, M ' I I I ~ ~  ~ ~ n d  
I'utnarit count~cs, I-Iorlda 

~ n i m ~ g r a t ~ n g  than c m i ~ g r ~ t ~ n g  metamorphs were 
captureel at a pond during a glven recru~tment 
p u ~ o d  Most metaniorplis entering pond5 11kc.ly 
o r i g ~ ~ i a t ~ d  at tliat pond (successful, iimult'ineou5 
rccru~tmcnt at > I pond occu~red only once,) ~ n c t  
were gener'illy captured clo5c. to c x ~ t ~ n g  nieta- 
morphs (T'ible 3) S~gri~ficant rccrultmc.nt oc- 
curred at the same pond during - I yr only 
twce,  tlie d ~ r e c t ~ o n  of mt~t,lrnorpli crn~gr'it~on 
was 5im1lar d u r ~ n g  1994 and 1996 ,it I'ond 3, 
'ind d u r ~ n g  2000 'ind 2001 ,it I'onci 5 (7,lblc. 3) 

The sporadlc ~ i d t ~ ~ r e  ot spdcle~foot todci brc'cd- 
~ n g ,  usually 111 responw to l ~ e ~ ~ v ) :  r~ilns c1~1r11ig 
frontal weather, 11'35 bc,en noted by scvcml 
natural h15tor1ans (l'earson, 1945, Wr~ght ,  2002) 
C;osnt,r ancl 131'ick (1945) reporteel that '1 I ~ I I ~ I -  

mum of 2 c11i ot ra~nt~ i l l  wr~tlii~i '1 te\v honrs 
e l ~ c ~ t c d  brcccling 111 New )c,rsey fliey noted that 
brccd~ng was p r o i ~ i p t ~ d  by e~tlicl 11e;tvv r,~i~lfall 
d r~r ing  '1 short t ~ m e  pcrioci, or by prolonged 
r,l~ntall c,xtendmg ovcxr sc~vclr,il d,t\:5 Wt. found 

that, at 'I landscape lc~vcl, licuvy r~ilns f,lll~ng 
wit l i~n '1 I -?-d,ly pc,r~ocl, maxlmuni clldngc 111 

b a r o n ~ e t r ~ c  pre55rlrc3, ancl ;11i ~n te rac t~on  betwc>en 
thaw two v ~ i r ~ a h l e i  w t w  5ign1tic~liit pred~c tors of 
spadefoot toxl  brc>cding events t iowcver, rn'>liy 
Iit~a\ly ~ a ~ i i f ~ ~ l l  events cl~d not cl~cit brecd~ng,  even 
~f they occu~recl long dftcr the most recent 
b ~ c e c l ~ n g  pel rod C,osnclr and R l ~ c k  (1954) also 
11cttc.d tli,it lic~,ivv ra1nf,1ll d ~ d  not alw'iys c l ~ c ~ t  
b recd~ng  by 5p,idcsfoot to,lcls In Nc%w Jerwv ; ~ n d  
that loccil populat~t)n\, or clvell ~ n d ~ v ~ d u , l l s  d ~ d  
not ,ilways 1c~5poncl 5im11'1rly to m ~ n b l l  

Although we  tound no p ~ ~ b l i s l i ~ c l  records of 
5 Iiolhr oc~Xii breeding ciur~ng w~ntcr ,  they bred 111 

itn'ill numbcrs ,it two ot our  i tudy  pond5 (J'ondi 
3 ancl h)  oil 19 1-chruarv 1'198 So11 t c ~ n p e r a t ~ ~ r c  
and moisture m;ty a t f c ~ t  c,mergc>ncc for brcvd~ng 
(Gosner a i d  lil,ick, 1955) In our  study, other 
b recd~ng  cvent5 occurrc>ci d u r ~ ~ i g  lune, Sclptc31n- 
ber, Octobtr, ,111cl Male11 

I<,t~nfnll dnd cli,ingc In pond dc,ptli part~ally 
e\pla~neci pond 5c4rct1on by aclnlts tor brcedlng 
Adults usu;tlly se4cctcd poiicis for brc,cd~ng tli'it 
haci recently clried coniplc~tely anel refill'ci, dncl 
d l  l'irge brced~iig event5 occurred 111 ponds that 
Ii'id held water for ; 52 ddys F-Lowcver, thts was 
clearly not tlie sole goverlilng f'lctor In pond 
select~on for breeding, as  only a subwt of 
scenxngly iu~t;tble ponds were used tor b rccd~ng  
d ~ ~ r i ~ i g  any glven pertod 

1 engtli o f  t ~ m c  hctwecn breeding and d , ~ t c  of 
tirst metamorpli e rn~gla t~on  from pond rclngcd 
from I(,-29 days Ot1lc.r reports of larval de- 
vclopincnt.ll rate5 range from 14-15 days 111 the 
w~i l~ l  (Ijragg, Ic)hl, Wr~glit, 2002), ancl from 9 tct Xh 
d'lys In the laboratorv (C;osner and Bl'lck, 1955, 
Se1iil1t5cIi ,inti Calciwcll, 1982) l<,lp~cl larval 
dcvelopnic~nt could prc,vcwt desiccation In r<ipdly 
drylng polids (Ncwm'in, IC)89), clearly ,ill advan- 
t,lge for t c ~ i ~ ~ ~ x ) ~  '11 y polid brcwlers In I,lbor,~tory 
exyciiiiic~nts, growth <1ncl r,itct of Iarv,il develop- 
ment ot sp,ldetoot to,td\ werc ncg'it~vcly mflu- 
enccd by dcws~tv (Scmlitscli and C"~ld well, 1982) 
and pos~tivc~ly ,lftt.ctcd by w'iter tcmpcraturc 
( w ~ t l i ~ n  tlie 10-29 C langc, C,osnc,r ancl lilack, 
1955) Ncwnl,l~i ( I  98'1) rcported tli'il C o ~ ~ c l i ' i  
Sp,ldetoot lo,id ( 5  1 or11 Irrr) tadpolc~ dcvc~lopmc~nt 
was ,\ccclcr,ltcd unc1c.r conclrtion5 ol lt~gli food 
, i v , ~ ~ l , > b ~ l ~ t y  and sllort pond dura t~on ,  but body 
5i/c wa5 5mallc1 at 1nct,trno1plio\15 thdn to1 
~ncI~v~du, l l s  taking 1ongc.r to cc)rnplete dr~vclop- 
mcnt In our \tudv, cooler \v,ltc>~- tempc>rLiture5 
mav 11,ive dcl,ivecl 1<11 v,ll dt~vc~lop~nent  d u r ~ n g  l,itc. 
fall co i i ipd~c~l  to 5umrnc.r or early fall I lo.vvc.ve1, 
cliffc.rc~ncc.5 111 cl~vc~lopnic~ntn1 r,i tc.5 w c ~  t' unrc- 
1,itccl to po~icl liydropc~~~oci, 5lnce none‘ of our 
p 1 i d 5  dr ~c~cl lor %c\~er ,ll month5 postbrc>cd~lig 

li,in5fo1niat1on d,itc., ~ ' i t l i c ~  t11;111 iliiy w~,~i thc '~ 
v , i ~  ~,ihlc., ;~ppc,a~cd to 5t1 ctng1~ 'iffc'ct e~utgr~l t ion 
hv rnc~i,lmo~plt\ Ncu~l\: all c . m ~ g ~ a t ~ o n  wd5 
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T I  I 2 Urt~c~ding elate, total number, date of tirst known emigratlon, n~rmber o f  day5 from brccdlng to 
ilietamctrphosis, proportion em~grating '1ftt.r t~rst  day and hrst week, date of last known ein~gratron, and 
(inaxrinum) number of day5 betwccn breedliig and Id\t known emlgratron of spaclefoot toad rnetamo~pli\ 
follow~ng 5ucces<ful recr~r~tmeiit (N , 100 metamorphs cx~ting a pond) froni eight isolated, ephenit~ral poncls 
d n r ~ n g  nrne years (February 1994 to  Jdnuary 2003), Ocal,l h a t ~ o ~ i a l  F.ore<t, Marron arid l'utn;1m countre<, blorida 

I3recciing ['(ind i t  1 l),itt~ 1st So. ciayi i i g r i i i ~  Ilmigrations Ilate lai t  M,,x d ~ y \  to 
dntc ID ilrt>t<rmorphi cmiigr,ltion ti1 mctamiirph. 1 I ( A )  l i t  wcck ('4) rinigr.ition la\[ ernigr.~tii~n 

cornplete wtthtl-1 a week after the date of first 
nietamorph emigratlon from a pond In contrast, 
Abbott (1904 In Ncill, 1957) suggested that 
spadefoot metamorphs rcn-mn near thelr natal 
ponds and elmgrate after a heavy ram In our 
study, a few mctarnorphs rema~ned 'it the~r  natal 
ponds for up to 212 days, but the vast m'ijortty 
emigrated shortly after metainorphos~s regard- 
less of rainfall 

Several accounts note mass movements of 
metamorph~c spadefoot toads exltlng ponds 111 

specific direct~ons (Neill, 1957, Wright, 2002) We 
found signif~c~~ntly nonrandom movement by 
eniigratmg metan~orphs for each of the slx (N $. 
30 ~nd~viduals)  movements tested Recause re- 
cruitmeiit was rarely successf~ll at the same pond 
In multiple years, we could not detcrm~nt. 
whether the dtrectlon of movemeiit from a pond 
was silnllar du r~ng  successwe years Directional 
movement by ernigrattng n-tetamorphs llkely can 
be attr~buted to the aggregat~onal behdv~or of 
spadefoot toad t,~dpolcs unt~l  metamorphosls 
(Nejll, 1957, Bragg, 1968) We observed spndefoot 
toad t;idpole aggregatlo~is at Ponds 1, 5, and 6 
durlng box-samplnig for tadpoles during 2000 
(A Storfer, C 11 Grerxnberg, and G W Tanner, 
unpubl data) 

Adult ~mnilgrations 'ind emigrations at our 
study ponds also were Inghly directional in most, 
but not all, cases Brcause we dld not mark toads 
~ndtv~du,-tlly (but rather by pond and cohort 
nuniber), we were unable to cletcrlnliie whetlicr 
~nd~viduals exlted ponds m the general d~rectlon 
of the~r origin I lowever, the aver'lgc d~rection of 
movement by first-c,lpturcd adults c31ffered 
among years ,it the same ponds, suggest~ng tli,it 
they were comlng froni or goliig to different areas 
In addition, several movements ~ndicated that 
'~dults entered mid ex~ted oonds 111 a stralcrht-llnc 

observed dlfferenccs In directional moveinent 
among years at the same pone1 

Forest succcsslon, and associated change5 In 
hab~tat such as increased canopy cover, can neg- 
'~t~vely ~ r n p c t  artiph~bl'in populations (Skelly 
ct a1 , 1999) Pearson (1 955) found that spadefoot 
toads are most conlmon In forests w~thout 
considerable leaf cletritus and low shrub cover 
1x1 contrast, our data inciicate that hardwood and 
sand plne tnvasion into xerlc sandhllls caused by 
fire suppression does not affect adult pond use or 
recru~tn~ent However, t h ~ s  conclus~on must be 
treated caut~ously because the level of hard- 
wood tnvaslon was patchy, and the short distance 
(< 30 m) between three of the poncls witliln the 
hardwood-invaded trecitmeiit and tlir savanna- 
llke habitat Althougli poncls w~tl-t~n botli upland 
matrix treatments were rarely used for breeding, 
Pond 4, wlilch was > 560 m from wvann'i-l~ke 
saiidhllls, was never used 

Our data on nieta~norph and adult iuovcments 
to or trorn ponds suggest that spadefoot toads are 
not restricted to regularly burned, savanna-l~ke 

0 500 1000 1500 7000 71110 

Number ot k i v s  Since Pond L.asi Drv <, 

dtrectictn (c g , I'oncl 1, 1994, and 2000), whereas 
t-ic, 3 lielalronshrp bctwcc~1-1 length of time <ince 

others (e g , I'onds 5 and 6) indicated that ~ldults  poll^, wc,re las t  dry allel the I,ull,bcl cldnlts 
exlted ponds toward the~r~iprcirciltarea of ol-1gll1 brecl-flllg at of clglit polid< during eaLll of nine 
Cosner slid Ul,ick (1955) suggest that different e ~ p l ~ ~ ~ ~ ~  h1ccdln~ date,\ (when - 25 adult< u<ecl ,111v 
cohorts of a spadefoot todd populat~on inay breed i11;glc pt,l>cl with~n ~1 moliths period), Ocala NC~tiori<il 
at d~ffeient t~mcs, perhapi expla~n~ng >ome of our F orc<t, Marion and I'utr\,~m C oun\rr<, rlorlda 
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I I 7 Oiientat~on of adult (A) and rnetamo~ph~c (M) spacJc,foot toacls clltcimg (Fn) or exltlng (Fx) elglrt 
isolated, ephemeral ponci\ 111 thc Ocala N<itlonal I orcst, I'utn'im 'ind M;irlctn ( ountlcs, I'lorida 0111~ poncts and 
years havlng N / 30 individuals per age/dl~cction class arc. i~~cl~~clcc l  Mean a/lmutlis ale ab\olute, such tliat 
~ndlvlduals entering and c>xlting at the same allglc are Lraveliiig 111 a str,i~gl?t-llnc dlrectlon S~gii~hcantly 
d~rcct~onal move~ncnt (cletclnlmcd by liaylc~gli's test) 15 dciiotcd hy asterisk5 ( ***  I' O 001, " - 1' - 0 005, 
* - I' / 0 05) 

14 5089**" 
8 4502'" 

I88 484*'* 
26hh 039h**" 

I 6 0 l 68'** 
17 l 649*** 
77 1 654*'* 

4 5070* 
25 7305'** 

2 7782 (N5) 
8 71 07*'* 

185 11 I"** 
726 1079'"' 

11 1997'*" 
5 7276"" 

0 8991 (NS) 
4 6224* 

1 1999 (NSf 
21 6640"*" 
1 9 0248*** 

19 3043*** 
21 5277*** 

755 8275'** 
2891 1111*"* 

68 41  1 (I*"" 
45 5867"** 

21 7 729hX** 
76 O1OO'*X 

49 I 765*xX 
6 091 7" 

19 8984*'* 

5 7844** 
1 4856 (NS) 

3440 5866*** 
4 1911" 

12 72 1 8"** 

2 7227 (NS) 

sandh~lls  The d~rectlon of adult ~mmlgratloti a t  
I'ond '3 clur~ng 1995 ancl 1996 ~ n d ~ c a t e d  tliat they 
were movlng from Iiardwooci-1nv~lclec1 s~indliills 
to the north, r,lther than the adjacent savanna- 
l ~ k e  sandlillls to the south Aclults emigr'ited 
toward the hardwood- and sand-p1ni~-1nv,1dccl 
forest north ot I'oncl 1 d u r ~ n g  1YC)9 ,lncl 2000 
E m ~ g r ~ i t ~ o n  (and ~ l ~ i m l g r a t ~ o n )  by reccnt met<>- 
niorpl~s was 111 the dtreCtlon ot liardwoocl- 
Invaded sai1dl11lls, rlt t h t ~  tIirin t l i ~  aelpcent 
savanna-11ke sdndh~lls  surrounding I'oncl 3 clur- 
mg 1995 and 1996 Ncill (1957) also notecl a mass 

movcmcnt of spacictoot toadlcts Ileacling toward 
a "dense meslc wood " 

Our  results suggest tliat spadefoot toads are 
highly adapted to b reed~ng  c o n d ~ t ~ o n s  and up- 
land hab~ta t  heterogeneity created by weather 
pattcms 'inel fire freclue~lcy In Florida sandhlll5 
In the uplands, spadefoot toads appear tolerant 
of hardwood Itivaslon, a t  least where ~t 1s patchy 
and relat~vcly close to savanna-l~ke s~ndhl l l s  
T111s may be an adaptation to Ii~stor~cal hrtrro- 
genelty In hardwood densities 111 xerlc s a ~ ~ d h i l l s  
bccausc of spatla1 a ~ i d  tcrnpor,~l patchmess of tire 
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(Myers, 1990, Creenberg aiid S ~ m o n s ,  1999) 
liainfall patterns strongly influence botli spatla1 
and  temporal patterns of spcidefoot toad breed- 
lng Wet-dry cycles mfluence where  b reed~ i ig  
occurs a t  the landscape level by  creating suitable 
hydrological conditions a t  ponds  (drying, then 
refilhng), and  heavy r ams  mfluence tlie temporal 
patterns of spadefoot toad breeding biology 
b y  potentially ellcitlng a n  explosive breeding 
response 
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